China has suffered from increasing levels of ozone pollution in urban areas despite the implementation of various stringent emission reduction measures since 2013. In this study, we conducted numerical experiments with an up-to-date regional chemical transport model to assess the contribution of the changes in meteorological conditions and anthropogenic emissions to the summer ozone level from 2013 to 2017 in various regions of China. The model can faithfully reproduce the observed meteorological parameters and air pollutant concentrations and capture the increasing trend in the surface maximum 10 daily 8-hour average (MDA8) ozone (O3) from 2013 to 2017. The emission control measures implemented by the government induced a decrease in MDA8 O3 levels in rural areas but an increase in urban areas. The meteorological influence on the ozone trend varied by region and by year and could be comparable to or even more significant than the impact of changes in anthropogenic emissions. Meteorological conditions can modulate the ozone concentration via direct (e.g., increasing reaction rates at higher temperatures) and indirect (e.g., increasing biogenic emissions at higher temperatures) effects. As an essential 15 source of volatile organic compounds that contributes to ozone formation, the variation in biogenic emissions during summer varied across regions and was mainly affected by temperature. China's midlatitude areas (25°N to 40°N) experienced a significant decrease in MDA8 O3 due to a decline in biogenic emissions, especially for the Yangtze River Delta and Sichuan Basin regions in 2014 and 2015. In contrast, in northern (north of 40°N) and southern (south of 25°N) China, higher temperatures after 2013 led to an increase in MDA8 O3 concentrations via an increase in biogenic emissions. We also assessed 20 the individual effects of changes in temperature, specific humidity, wind field, planetary boundary layer height, clouds, and precipitation on ozone levels from 2013 to 2017. The results show that the wind field change made a significant contribution to the increase in surface ozone over China by transporting the ozone downward from the upper troposphere and the lower stratosphere. The long-range transport of ozone and its precursors outside the modeling domain also contributed to the increase in MDA8 O3 in China, especially on the Tibetan Plateau (an increase of 1 to 4 ppbv). Our study represents the most 25 comprehensive and up-to-date analysis of the impact of changes in meteorology on ozone across China and highlights the importance of considering meteorological variations when assessing the effectiveness of emission control on changes in the ozone levels in recent years.
comparing the simulated ozone concentrations in 2013 with those with chemical boundary conditions from MOZART from 150 different years. Table 1 shows the evaluation results for temperature, relative humidity, wind speed, and surface pressure. The results for all weather stations in China were averaged. The simulated temperature at a height of 2 m was slightly underestimated with biases 155 of less than 0.6 °C in 5 years. The high correlation coefficients (over 0.82) indicate that the WRF model can capture variations in temperature. Like the temperature, the simulated relative humidity was also slightly under-predicted and had a high correlation coefficient with the observation. The simulated wind speed at a height of 10 m was slightly overestimated by about 0.5 m s -1 due to the underestimation of the effects of urban topography in the WRF model and was often found in other WRF modeling studies (Fan et al., 2015; Hu et al., 2016) . The WRF model faithfully reproduces surface pressure for 5 years with 160 low biases and high correlation coefficients. The WRF model could also capture the temporal variations in meteorological parameters. For example, the simulated temperature at a height of 2 m decreased from 2013 to 2015 and then increased from 2015 to 2017, which is consistent with the observations. The good performance of the WRF model gives us the confidence to use the simulations to study the effects of variations in meteorological conditions on the ozone level. Table 2 presents the evaluation results for air pollutant concentrations in China. Generally, the CMAQ model has excellent 165 performance on the simulated pollutant concentrations with low biases, high index of agreement, and high correlation coefficients. The simulated NO2 concentration was slightly underestimated for these 5 years in general, which can be explained in part by the fact that the NO2 concentrations in the national network were measured using the catalytic conversion method, which overestimates NO2, especially during periods with active photochemistry and at locations away from primary emission sources (Xu et al., 2013; Zhang et al., 2017; Fu et al., 2019) . The simulated CO concentration is underestimated significantly 170 by the CMAQ model, which might be due to the missing sources of CO such as biomass burning. The CMAQ model predicts a slightly higher MDA8 O3 concentration, which could be explained by the artificial mixing of ozone precursors in modeling grids leading to higher ozone production efficiency and positive ozone biases, especially for models with coarser resolutions (Young et al., 2018; Chen et al., 2018; Yu et al., 2016) . However, the overall CMAQ model performance is acceptable and can support further investigation of the drivers of increasing ozone levels in China. 175 https://doi.org/10.5194/acp-2019-1120 Preprint. Discussion started: 9 January 2020 c Author(s) 2020. CC BY 4.0 License. lower than those in northern China, but they are relatively high in the Pearl River Delta (PRD) region.
Results

Model evaluation
Rate of change in ozone due to meteorology and anthropogenic emission
We applied the linear regression method to obtain rates of change in the interannual MDA8 O3 concentration for simulation and observation, which are shown in Fig. 2 . In general, the observed MDA8 O3 concentrations present an increasing trend in most monitoring stations (most located in urban areas) of China from 2013 to 2017. With the aid of the model simulations, the characteristics of the changes in MDA8 O3 levels were revealed for all areas, including those with no monitoring stations. Both 185 observations and model simulations show that NCP, YRD, SCB, northeastern China, and some areas in western China experienced increasing levels of ozone pollution. Interestingly, the model results revealed that MDA8 O3 levels were decreasing in large parts of rural areas that could not be covered by the current monitoring stations, such as northwestern China and southern China.
We separated the change rates of simulated MDA8 O3 into that due to variations in meteorological conditions and changes in 190 anthropogenic emissions (also see Fig. 2 ). Here, the impact of biogenic emission variation is included in the effects of meteorological variation because it is affected by meteorology. The result shows that the change rates of ozone over China were more affected by meteorological changes than by emission changes in terms of spatial distribution. The regions with an increasing or decreasing trend of ozone were generally consistent with the contributions from variations in meteorology except for some regions whose ozone trends were dominated by anthropogenic emission changes. The changes in anthropogenic 195 emission have resulted in ozone increases in NCP, YRD, PRD, SCB, and other scattered megacities but decreases in rural regions. This discrepancy can be explained by the different ozone formation regimes in urban (VOCs-limited) and rural (NOxlimited) areas (Li et al., 2019a; Wang et al., 2019a) . A recent study reported the observations of surface ozone during 1994-2018 at a coastal site in southern China and revealed no significant changes in the ozone levels in the outflow of air masses from China mainland during the recent years (Wang et al., 2019c) . These results suggest that nationwide NOx emission 200 reductions may have decreased ozone production over large regions despite causing ozone increase in urban areas. The impact of anthropogenic emission changes on ozone levels in recent years remains a challenging and momentous topic and will be assessed in the companion paper (part 2). This paper focuses on the effects of meteorological conditions.
Impact of meteorological conditions and anthropogenic emissions relative to 2013
We next quantified the impact of meteorological conditions and anthropogenic emissions to ozone changes from 2013 to 2017 205 relative to 2013 (Fig. 3 ). The changes in MDA8 O3 from the base simulation varied spatially and yearly, mainly as a result of meteorological conditions. The variation in the MDA8 O3 concentration due to meteorological changes ranged from -12.7 to 15.3 ppbv over China from 2014 to 2017 relative to 2013. The emission-induced MDA8 O3 changes in each year exhibited similar spatial patterns, which were consistent with those of the change rates due to emission changes (Fig. 2d ). The impact of emission changes on the MDA8 O3 concentrations became increasingly significant as anthropogenic emissions were further 210 https://doi.org/10.5194/acp-2019-1120 Preprint. Discussion started: 9 January 2020 c Author(s) 2020. CC BY 4.0 License.
reduced. Our results differ from those by Wang et al. (2019b) which suggested a less important role of meteorology in the variation of ozone from 2013 to 2015. The discrepancy could be due to the difference in the chemical mechanisms and method used for quantifying the effects of emission changes. They calculated the changes in ozone levels due to emission variations by subtracting simulated changes due to meteorological conditions variations from total observed changes, and we calculated by comparing the simulated difference between the simulations in 2013 driven by anthropogenic emissions from different 215 years.
We further found that in some specific regions and years, the changes in MDA8 O3 concentrations due to meteorological variation could be comparable with or greater than those due to emission changes, which highlights the significant role of meteorological conditions in ozone variations. As a result, we selected four megacities in different regions of China to further examine the impact of changes in meteorological conditions and anthropogenic emissions on ozone levels (Fig. 4 )-Beijing, 220
Shanghai, Guangzhou, and Chengdu-which are principal cities in the Beijing-Tianjin-Hebei (BTH) region in the north, the YRD in the east, the PRD in the south, and the SCB in the southwestern part of China, respectively (see Fig. S1 for their locations). The numbers of monitoring sites used to obtain the average values for these four cities were 12, 9, 11, and 8, respectively. Most of these sites are situated in the city center, and thus the average results represent the conditions in urban areas. As shown in Fig. 4 , the model can generally capture variations in MDA8 O3 in these cities (except for the changes of 225 MDA8 O3 in Beijing in 2014 and 2015, which were underestimated, likely due to underestimation of anthropogenic emissions in Beijing and its surrounding regions). The contributions of anthropogenic emissions to MDA8 O3 exhibited an almost linear increasing trend in the four cities from 2013 to 2017, whereas the contribution of meteorology could be positive or negative, depending on the region and year.
In Beijing (the BTH region), the variations in meteorological conditions had little effect on the MDA8 O3 changes from 2014 230 to 2017 relative to 2013. The increase in ozone was driven primarily by the changes in anthropogenic emissions. This characteristic can also be identified in the larger BTH region, as shown in Fig. 3 . In Shanghai (the YRD region), the effects of meteorology were comparable with those of anthropogenic emissions in terms of the absolute values of the contribution to MDA8 O3 changes. From 2014 to 2016, the meteorology was unfavorable for ozone formation, which masks the ozone increase due to emission changes. However, meteorological conditions became a positive driver in 2017, leading to a drastic increase 235 in the total MDA8 O3 concentration (over 10 ppb). In Guangzhou (the PRD region), the role of meteorological conditions was opposite that in Shanghai. The weather changes were conducive to ozone formation from 2014 to 2016 compared with 2013, contributing to a large increase in MDA8 O3 by over 10 ppbv; in 2017, however, the impact of changes in meteorological conditions on ozone levels decreased substantially, leading to a moderate increase in MDA8 O3 in that year compared with 2013. In Chengdu (the SCB region), the impact of meteorological conditions on ozone variation was limited in these years, 240 and the ozone concentration was mainly affected by emission changes, similar to the situation in Beijing. Our result is similar to those by Wang et al. (2019b) for Shanghai and Guangzhou from 2013 to 2015, both indicating meteorological variations https://doi.org/10.5194/acp-2019-1120 Preprint. Discussion started: 9 January 2020 c Author(s) 2020. CC BY 4.0 License.
unfavorable for ozone formation in Shanghai and favorable in Guangzhou. On the other hand, our simulations differ from theirs that showed a considerable negative contribution of the meteorology variations to ozone levels in Beijing and Chengdu.
Our study and that of Chen et al. (2019) suggest a weak role of meteorology variation in the summer ozone trend in Beijing. 245
In addition to these four regions, we found a significant impact of meteorology on the ozone change in western China, especially the Tibetan Plateau (Fig. 3) . The meteorological variations contributed to considerable increases in MDA8 O3 in 2014-2017 in this region relative to 2013.
Impact of meteorology-driven biogenic emissions relative to 2013
Temperature is an important meteorological driver of biogenic emissions. Fig. 5 displays the temperature changes in China 250 from 2014 to 2017 compared with 2013. The changes in the spatial distribution were similar in these four years. A decrease in temperature was found in midlatitude areas (25°N to 40°N), and an increase was found in southern (south of 25°N) and northern China (north of 40°N). As shown in Fig. S3 , in midlatitude areas such as the BTH, YRD, and SCB, the temperature decreased from 2013 to 2015 and then increased from 2015 to 2017. In contrast, in southern China, such as the PRD region, the temperature increased during 2013-2014 and then slightly decreased during 2014-2017. The variation in the observed 255 temperature is well captured by the WRF model, which enables the MEGAN model to calculate the variation of biogenic emissions driven by the realistic temperature. We present the results of biogenic isoprene emissions because isoprene is generally the most abundant biogenic VOC and has the highest ozone formation potential (Zheng et al., 2009 ). Large isoprene emissions were found in the southern parts of China and northeast China, which have high vegetation covers in summer (Fig.   5f ). The spatial and interannual variations of biogenic isoprene emissions followed the changes in temperatures in China, 260 leading to similar changes in MDA8 O3 concentrations.
In midlatitude areas of China, the variations in biogenic emissions induced a decrease in the MDA8 O3 concentration after 2013. The most significant decrease in the MDA8 O3 concentration was found in the YRD and SCB regions, where there were high biogenic emissions and a drastic temperature decrease. In 2014 and 2015, the MDA8 O3 concentration decreased by ~5 ppbv in these two regions compared with 2013. The changes in ozone concentration were less affected by biogenic emissions 265 due to the lower biogenic emissions and smaller variation of temperature in the BTH region. In southern and northern China, the increase in temperature and then biogenic emissions since 2013 led to an enhancement of the MDA8 O3 concentration by up to 1 to 2 ppbv (Fig. 5) . In Guangzhou, for example, affected by temperature-dependent biogenic emissions, the MDA8 O3 concentration increased by 0.8 ppbv from 2013 to 2014 and then decreased slightly from 2014 to 2017 (Fig. S4 ).
The changes in MDA8 O3 concentrations due to changes in biogenic emissions in Shanghai and Guangzhou (Fig. S4) generally 270 matched the total changes in ozone levels due to variations in meteorological conditions and provided a considerable contribution to them (Fig. 4) . The variations in biogenic emissions were mostly affected by temperature. In section 3.5, we also found that the changes in ozone levels caused by temperature variations via altering chemical reaction rates had an even https://doi.org/10.5194/acp-2019-1120 Preprint. Discussion started: 9 January 2020 c Author(s) 2020. CC BY 4.0 License. more significant impact than via changing biogenic emissions in 2017 relative to 2013. As a result, the temperature can play an important role in the variations in ozone levels in recent years. Previous studies also demonstrated the significant role of 275 temperature in the ozone trend in China and other regions (Hsu, 2007; Jing et al., 2014; Lee et al., 2014) . However, the role of meteorology is complex and the changes in other meteorological factors can counteract this effect. In Beijing and Chengdu, for example, the changes in ozone levels due to variations in meteorology were insignificant and could not reflect those caused by variations in temperature-dependent biogenic emissions (Fig. 4) . Fig. 6 shows the individual effects of changing temperature, humidity, wind field, PBL height, clouds, and precipitation between 2017 and 2013 on the ozone level. Of all the meteorological parameters, the change of wind fields had the most significant impact on the MDA8 O3 concentration. It led to an increase in MDA8 O3 in nearly all of China, with a maximum of 9.1 ppbv (Fig. 6i) . In western and central China, notable increases in the MDA8 O3 concentrations due to the change in wind fields were identified, which contributed significantly to the meteorology-induced increasing ozone (Fig. 3h ). This 285 concentration increase due to changes in the wind fields cannot be caused by horizontal transport because we could not find regions with a significant decrease in ozone over China. We also could not find a significant relationship between the changes in wind speed and ozone concentrations. Thus, the increase in vertical transport to the surface is believed to be the leading cause. An examination of the potential velocity in the upper troposphere shows that the tropopause height decreased in central China from 2013 to 2017 (Fig. 6h) , and more ozone was transported from the stratosphere to the troposphere via stratosphere-290 troposphere exchange. Our model simulations show the increase in MDA8 O3 by 3 to 9 ppbv between 2013 and 2017 due to wind field changes in western China, with the largest increase over the Tibetan Plateau. The simulated potential velocities from 2014 to 2017 have increased since 2013 and exhibited a similar pattern of change (Fig. S5) . These changes were also revealed by the potential velocity reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF, https://apps.ecmwf.int/datasets/). It indicates that the increased transport of ozone from the lower stratosphere contributed to 295 the increasing surface ozone in China in recent years.
Impact of individual meteorological parameters in 2017 relative to 2013 280
In addition to wind fields, other meteorological parameters contribute to the ozone change. Because a high temperature facilitates the formation of ozone via the increase in chemical reaction rates, the changes in ozone due to temperature were consistent with the changes in temperature in terms of spatial distribution (Fig. 6b and c) . The MDA8 O3 concentration decreased in central China and increased in other parts of China. This change in the spatial distribution was similar to that due 300 to the changes in biogenic emissions because they were both affected by temperature. However, comparing Fig. 5o to Fig. 6c , we found that the impact of temperature via the change in the chemical reaction rate was more significant than that via the change in biogenic emissions from 2013 to 2017.
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